One of the most controversial putative cases of host race formation in insects is that of the apple maggot fly, Rhagoletis pomonella (Diptera: Tephritidae). A principal cause of the controversy is lack of relevant data. In laboratory and field enclosure experiments, we compared the host acceptance behavior of sympatric populations of flies originating from naturally infested hawthorn (the native host) and apple (an introduced host) in Amherst, Massachusetts or East Lansing, Michigan. In general, hawthorn fruit were accepted for ovipositional attempts nearly equally by apple and hawthorn origin females, whereas apples were accepted much more often by apple than hawthorn origin females. Similarly, males of apple and hawthorn origin exhibited about equal duration of residence on hawthorn fruits as sites at which to acquire potential mates, while males of apple origin tended to reside substantially longer than males of hawthorn origin on apples. Irrespective of fly origin, both sexes always responded more positively to hawthorn fruit than to apples. Because all flies assayed were naive (ruling out effects of prior host experience of adults) and because tests revealed no influence of pre-imaginal fruit exposure on pattern of host fruit acceptance by females, the combined evidence suggests the phenotypic differences we observed in host response pattern between hawthorn and apple origin flies may have an underlying genetic basis. Further tests showed that while larval progeny of flies of each origin survived better in naturally growing hawthorn fruit than in naturally growing apples, there was no differential effect of fly origin on larval survival ability in either host. We discuss our findings in relation to restriction in gene flow between sympatric populations of R. pomonella and in relation to current models of host shifts in insects.
had been introduced to North America from Europe during the 17th century (Walsh 1867) . Within the past few decades, R. pomonella has also formed persistent populations on sour cherry (Prunus eerasus vat. Montmorency) (Shervis et al. 1970; Jorgensen et al. 1986 ) and rose (Rosa rugosa) (Prokopy and Berlocher 1980) and occasionally infests pear (Pyrus eommunis) (Prokopy and Bush 1972) . All these hosts are in the family Rosaceae.
Two previous studies comparing behavioral responses of female R. pomonella assayed in groups hinted at small differences in the pattern of host fruit acceptance between hawthorn and apple origin flies from Nova Scotia (Prokopy and Bush 1973) and New York (Reissig and Smith 1978) . Two rather recent cursory laboratory investigations (Prokopy et al. 1982a; Stanek et al. 1987) , in which females were assayed individually, provided evidence suggesting differences in the pattern of host fruit acceptance (ovipositor boring attempts) between populations on hawthorn and apple in Massachusetts. On the other hand, Prokopy et al. (1985) found no differences in pattern of acceptance of a variety of fruit types among populations of R. pomonella originating from apple in Nova Scotia, Massachusetts, Michigan, and Oregon. In addition to behavioral host-acceptance differences, utilization of different host plants sometimes also involves genetic differences influencing digestive physiology (Diehl and Bush 1984) . Several studies were carried out in the 1930's to assess the suitability of various host fruit for development of Rhagoletis pomonella larvae (Hall 1939 (Hall , 1943 Pickett 1937; Pickett and Neary 1940) . However, most of these used fruit that were removed from the tree, and it is now known that this increases larval survival rates above those experienced when the fruit remains naturally on the tree (Reissig 1979) . More recently, Reissig and Smith (1978) reported very similar rates of egg hatching in reciprocal crosses of hawthorn and apple origin flies from New York, indicating reproductive compatibility at least to this early stage of development.
Here, we present results of extensive laboratory and field cage experiments comparing host acceptance behavior of R. pomonelIa females reared from naturally infested hawthorn and apple. In addition, the possibility of preimaginal conditioning (Diehl and Bush 1984) of host acceptance behavior of females by the larval host fruit environment was evaluated in laboratory tests using flies reared from naturally infested pear and rose. When considering gene flow between populations associated with different hosts, male host selection behavior is just as important as female behavior in sexually reproducing species. Therefore, we also investigated the response of males of hawthorn and apple origin to hawthorn and apple fruit. Finally, we report results of tests of the suitability of unpicked apple and hawthorn fruit for development from egg to pupal stages by progeny of flies of hawthorn and apple origin.
Materials and methods
All flies tested originated from puparia formed by larvae collected from naturally infested fruit. Prior to testing, both sexes were maintained together after eclosion in laboratory cages as described previously ). All flies were assayed between 12-23 days post-eclosion, when all males and most females were sexually mature and presumably mated. We have previously shown that the degree to which females accept hosts may change significantly across this age range (Stanek et al. 1987) . Therefore, fly ages were closely matched for populations being compared in each experiment. To preclude any influence of prior adult experience with fruit on the host-acceptance response (Prokopy et al. 1982b, t986) , all flies were naive when assayed (i.e., without previous exposure to any fruit).
Laboratory assays of female host-acceptance. Single-hostpresentation assays of female host acceptance behavior were carried out in an indoor laboratory setting as described previously in detail . Briefly, each fly was placed individually on a test fruit and allowed to remain on the fruit for two consecutive five-minute periods. A fly was scored as "accepting" the test fruit if it attempted to puncture the fruit with its ovipositor during one of these periods or scored as "rejecting" the fruit otherwise. Thus, the fly's behavior was categorized as a discrete (binary) response. In all experiments, fruits tested were Red Delicious apple (avg= 57 mm diam, range 5~62 mm) and C.
mollis hawthorn (avg---15 mm diam, range 13-17 ram).
They had been collected from unswayed, highly isolated, uninfested sites 6-9 months before use and stored at 3 ~ C. All were washed and warmed to 26~ prior to testing. To minimize uncontrolled environmental variation, we assayed successively no more than two individuals from one population before assaying individuals from another population. We tested each fruit type in each possible order of presentation for an approximately equal number of individuals of each fly population. We offered each individual fruit specimen an approximately equal number of times (usually no more than three) to flies of each population.
Two sets of sympatric populations originating from different naturally infested hosts were compared using this laboratory assay. In 1983, we tested flies collected in 1981 in Amherst, MA from C. mollis hawthorn and a mixture of apple varieties. The trees bearing these fruit types were located 1.6 km apart. In 1984, we tested flies collected in 1983 from these same sites. In 1985, we tested flies collected in 1983 from C. motlis hawthorn and Mclntosh apples in East Lansing, MI. The trees bearing these fruit types were located 2.0 km apart. To assess whether female size might influence host-acceptance behavior, flies from a random sample of non-assayed individuals in 1983 were dried at ca. 35 ~ C for one week and weighed.
In mixed-host-presentation assays, the host-acceptance behavior of hawthorn and apple origin flies from Amherst, MA (collected in 1983) were tested in 1984 using a laboratory assay similar to the above, but with hawthorn and apple fruits present simultaneously. Females (15-19 days old) were introduced individually into a cage containing three C. mollis hawthorns and three Red Delicious apples. The flies were allowed to move freely between these fruit until they attempted ovipositor boring into either kind of fruit or until five min had elapsed. Data for flies that visited only one fruit type were analyzed separately from data for flies that visited both types.
Preimaginal conditioning of female host acceptance. Preimaginal conditioning would occur if the host acceptance behavior of flies were altered as a consequence of larval development in different host fruits, without any genetic changes due to differential mortality in the different hosts. Parent R. pomonella flies reared from naturally infested rose (R. rugosa) collected in Falmouth, MA in 1981 were used in one replicate of the experiment, while flies reared from pear collected in Amherst, MA in 1982 were used in the other replicate. Parent adults were permitted to oviposit 1-2 eggs in each C. mollis hawthorn and ca. 10 eggs in each Red Delicious apple. These fruit had been picked from unswayed sites near Amherst, MA early in the season of the preceding summer and stored at 3~ for several months, which killed any larvae present in the fruit prior to use (Chapman 1933) . Progeny larvae were reared to pupation under identical conditions in the laboratory. Upon eclosion, progeny adults were held in laboratory cages as described previously . The host-acceptance responses of 12-19 day old progeny females were then assayed in single-host-presentation tests using the laboratory method described above.
Field cage assays of female host acceptance. We further compared the Amherst, MA hawthorn and apple origin flies in field cage assays. These tests were conducted outdoors in Amherst, MA in 1983, using flies reared from fruit collected in 1981. An individual female was transferred gently to a vigorously growing, potted, ca. 2 m tall x 1.5 m diam C. brachyacantha vat. toba hawthorn tree enclosed in a cylindrical saran-screen field cage (3 m tall x 3.5 m diam, 11.5 mm mesh, with a dark cloth above the cage ceiling). The fly was placed onto the upper surface of a leaf at the bottom-central portion of the tree (R. pomonella females foraging within host trees generally make a series of short upward flights until a fruit is found (Roitberg et al. 1982) ). To minimize effects on fly foraging behavior due to temperature (Diehl and Prokopy, unpublished data) , we alternated testing of hawthorn and apple origin flies.
In the single-host-presentation field cage test, either 16 C. mollis hawthorns or 16 Red Delicious apples were hung uniformly throughout the tree. In this test, 12-16 day old females were permitted to forage in the tree up to ten min. If a fly did not visit any fruit within ten min or flew out of the tree to the cage wall during this period, the replicate was terminated. Those females which did visit a fruit were allowed to remain on the fruit up to five min. Those which attempted ovipositor boring during this time were categorized as "accepting" the fruit. Those either leaving the fruit or remaining five min without attempting ovipositor boring were considered to have "rejected" the fruit. The experiment was terminated after the first visit to a fruit.
In the mixed-host-presentation field cage test, a mixture of eight C. mollis hawthorns and eight Red Delicious apples was hung throughout the tree. The procedure used was otherwise identical to the above except females were permitted to visit successive fruit until they "accepted" a fruit, remained on a fruit five min without accepting it, or failed to visit any fruit within ten min of the last fruit visit.
Male host-response behavior. The behavior of male R. pomonelIa responding to C. mollis hawthorn and Red Delicious apple fruit was examined in laboratory assays in 1984 and 1985. The apple origin flies were reared from naturally infested fruit collected in 1983 and 1984 at the same site in Amherst, MA as for the preceding tests of females. C. mollis hawthorn origin flies were reared from naturally infested fruit collected in Northampton, MA (ca. 11 km from Amherst). Most flies were tested 8-12 days post-eclosion, but some were tested 20-27 days post-eclosion. Male behavior in response to hawthorn and apple fruit was assayed by gently transferring an individual fly onto a single hawthorn or apple fruit in a laboratory cage, just as was done in the laboratory assays of female host-acceptance behavior. The duration of time the fly remained on the fruit (up to a maximum of 15 rain) was recorded. After leaving the fruit or at the expiration of the 15 min period, the fly was left in the cage without fruit for ~3 rain, then tested in the same manner on the other fruit type. The presentation order for testing each fruit (i.e., hawthorn or apple tested first) and the host origin of the flies tested (hawthorn or apple) were alternated throughout the experiment.
Larval survival in different host fruits.
We assessed proportions of eggs laid by flies of hawthorn and apple origin surviving to the pupal stage when naturally oviposited or artificially inserted into C. mollis hawthorn versus McIntosh apple fruit. These fruit were growing naturally on trees in Amherst, MA. All flies used in these tests were reared from naturally infested hawthorn or apple fruit collected in 1983 or 1984 in Amherst, MA (sites described above). Females were held in laboratory cages with males until 12-20 days after eclosion, at which time most were sexually mature and had mated with one or more males. Individual females were then isolated in small cages after clipping their wings to prevent escape. To determine whether the flies used in this experiment had mated at least once, each female was permitted to lay eggs into wax domes. These eggs were transferred to moist filter paper, where hatching took place within five days if the female had mated. Eggs laid by unmated females do not hatch (Opp and Prokopy 1986) . It should be noted that since complete sperm precedence has not been found in R. pomonella (Opp and Prokopy, unpublished data) , it is safe to assume that each female's progeny consisted of a mixture of full and maternal half siblings.
Two methods were used to deposit eggs into fruit. In 1984, females were taken outdoors to apple or hawthorn fruit growing naturally on trees and allowed to lay one to three eggs per apple or a single egg per hawthorn fruit. Observation of ovipositor penetration followed by pheromone-marking of the fruit was used to determine that an egg had been laid inside the fruit (unobservable without destructive sampling). Previous studies have shown that flies do not always lay eggs when boring into fruit with the ovipositor, but egg deposition is highly likely (ca. 90% probability of occurrence) when such boring is followed by pheromone marking (Prokopy 1972) . In 1985, eggs were collected from females by allowing them to oviposit into wax domes. These eggs were then inserted manually into fruit using a sterile needle, after which the external puncture was sealed with plastic tape.
At the time of egg insertion, all fruit utilized were in a stage suitable for development of apple maggot larvae (we-ripe, 3-4 weeks before abscission). They had been protected from attack by wild R. pomonella by covering with mosquito netting early in the season. Due to differences between McIntosh apple and C. mollis hawthorn fruit in stage of maturity and due to the flies' limited longevity and fertility periods, it was feasible to test the survival of eggs laid by an individual only either in apple or hawthorn (not both fruit). After egg deposition, the fruit was numbered to identify the individual laying the egg(s), re-covered with mosquito netting, and allowed to remain on the tree until abscission occurred. Thrice weekly, abscissed fruit were collected. Those belonging to the same female were grouped together and held over moist vermiculite for one month, by which time all surviving larvae had pupated in the vermiculite. The vermiculite was then sifted, and the number of pupae obtained from each sibship was recorded. Proportions of eggs surviving to the pupal stage were compared among a total of 96 sibships (936 eggs). The balanced design consisted of groups of 12 sibships (undeterminable mixtures of full and half sibs) nested within fly origin (hawthorn and apple), test host (hawthorn and apple), and year tested (1984 and 1985) .
Data analysis. The proportions of individually assayed females of each population that visited or "accepted" (attempted ovipositor boring into) hawthorn and apple test fruit were compared statistically using a multidimensional logistic regression technique appropriate for such categorical data (Grizzle et al. 1969; Koch et al. 1982; Stanek et al. 1987) , implemented by the program CATMOD (SAS 1985) . This multidimensional approach to categorical data analysis allows both main effects and interactions to be assessed, as in the Analysis of Variance model for continuous data. The same approach was used in analyzing data on larval survival in different host fruit. For making paired comparisons, we employed Goodman's method (Goodman 1964) for multiple contrasts (when analyzing female host acceptance response or larval survival) or Mann-Whitney U tests (when analyzing male host residence response). 
Adult host-acceptance behavior
Hawthorn fruit consistently were accepted more often for ovipositor boring by females of both origins than were apples, in both single and mixed host laboratory assays (Table 1). The significant paired comparison values (Goodman's method) and the significant values for Test Fruit effects (logistic regression) support this conclusion. In the single host assays, apple origin females showed about the same propensity as hawthorn origin females to accept hawthorn fruit in all three tests, but showed significantly greater propensity than hawthorn origin females to accept apple in all three tests. In one of these tests, there was a significant Host Origin effect, indicative of greater acceptance of both test fruits by apple origin than hawthorn-origin females. The Host Origin x Test Fruit interaction term was significant in two of the three tests. Within the context of our data, a significant interaction of this sort indicates greater propensity of apple origin females than hawthorn origin females to accept apples, but equal or lesser propensity of apple origin females compared with hawthorn origin females to accept hawthorn. In the mixed host assay, there were no significant differences between females of different host origin in fruit acceptance pattern, nor were interaction effects significant. A t test was performed on the dry weights of a random sample of non-assayed hawthorn and apple origin flies (n flies= 27 and 31, respectively) from populations and in the 1983 single host test. No significant differences were found between the weights of these two groups (X= 3.43 _+ S.E. 0.13 mg for hawthorn origin females versus 3.17+_S.E. 0.11 mg for apple origin females; t=1.39, p> 0.05). This indicates no detectable influence of female size on pattern of host acceptance.
There was no evidence of an effect on female host-acceptance due to preimaginal conditioning as a result of larval rearing in different fruits ( Table 2 ). The results of this exper- Wald statistics of all other interactions were < 1.8 *P<0.05, ***P<0.001 iment again strongly indicated that hawthorn is a significantly more acceptable fruit than apple. Evidence also indicated that the response pattern of progeny of pear origin flies was similar to that of apple origin flies seen in other tests (i.e. relatively high acceptance of apples), while the response pattern of progeny of rose origin flies was similar to that of hawthorn origin flies seen in other tests.
Assays carried out in field cages on a single tree indicated flies were much more likely to visit apples than hawthorn fruit in both single and mixed host assays, probably on account of the larger size of apple fruit (Prokopy 1977) Values in each age group followed by the same letter are not significantly different according to a Mann-Whitney U test at the 0.05 level b Fly ages are days post-eclosion (Table 3) . After fly arrival on a fruit, hawthorn was again much more likely to elicit ovipositor boring. As in the single host laboratory assays, apple origin flies were about equally prone to bore into hawthorn fruit but significantly more prone to bore into apples compared with hawthorn origin flies. The Host Origin x Test Fruit interaction term was not significant in either field cage assay, however, possibly owing to the relatively low number of flies visiting hawthorn.
Laboratory tests of males provided results strikingly similar in pattern to those obtained with females, despite the fundamentally different nature of the response being assayed (Table 4) . Males of both larval origins remained on hawthorn fruit significantly longer than on apples. Both young and old apple origin males remained about equally as long on hawthorns as hawthorn origin males, while young apple origin males remained significantly longer on apples than young hawthorn origin males. Values in each year followed by the same letter are not significantly different at the 0.05 level according to Goodman's method for multiple contrasts b Wald statistics for other main effects and interactions were < 1.5
Wald statistic (degrees of freedom) ***P<0.001
Larval survival in different host fruits
Survival from egg to pupal stages was significantly higher for flies of both host origins in hawthorn than apple fruit in both 1984 and 1985 (Table 5) . Overall survival was much higher in 1984 than 1985, but this could reflect either yearly differences in fruit quality, differences in egg density, differ-ences in the methods used to insert eggs into fruit, or a combination of these. Most striking was the very strong degree of differentiation among different sibships within both the hawthorn and apple fly populations. After taking the sibship variable into account in the multidimensional categorical data analysis (Table 5) , no evidence of differences in survival rates was found between flies of different origins.
Discussion
As proposed by Bush (1974 Bush ( , 1975 , Jaenike (1981) , Bush and Diehl (1982) , Diehl and Bush (1984) , Futuyma and Peterson (1985) and others, a constellation of factors may give rise to and/or promote the maintenance of host races in herbivorous insects. These may include (a) geneticallybased differences between conspecific populations in host plant preference, (b) positive assortative mating that arises as a consequence of confinement of mating initiation to host plants and the coupling of mate choice with genetically-based host plant choice, (c) fidelity to a particular host via effects of larval or adult experience, (d) differences among hosts that may affect survival ability and (e) temporal differences in host availability that may influence timing of entry into and emergence from diapause.
The results reported here provide evidence suggestive of a possible genetically-based difference in host fruit acceptance (=propensity to initiate ovipositor boring) among different host-associated populations of R. pomonella females. Thus, for the two experiments conducted on Amherst, MA flies under single-host-presentation conditions in the laboratory (Table 1) and for the two experiments carried out with Amherst flies on host trees in field cages (Table 3) , invariably apple fruit were accepted by a significantly greater proportion of females originating from apples than by females originating from hawthorn (average over all four experiments=30 vs. 8% acceptance, respectively). On the other hand, hawthorn fruit in these same four experiments were accepted nearly equally (no case of a significant difference) by apple-origin and hawthorn-offgin females (86 vs 79%, respectively). The statistical significance of the interaction value of Host Origin x Test Fruit main effects in two of these four experiments further supports the conclusion that some proportion of females originating from these two hosts in Amherst differs in pattern of host fruit acceptance. A pattern of similar sort was manifest by East Lansing, MI females tested under single host conditions in the laboratory (Table 1) but not by Amherst females tested under mixed host conditions in the laboratory (Table 1 ).
The latter result should not be taken as cause to doubt the validity of findings under single host presentation conditions because in nature, fly encounter with a single fruit type on a plant is the norm, whereas fly encounter with mixed fruit types on a plant would be an extremely rare event, ocurring only when two plants of different type were intertwined. When we pooled the host-acceptance results of the three single-host laboratory assays (Table 1 ) and the one single-host field cage assay (Table 3) to evaluate Host Origin x Test Fruit interaction effects using Fishers's (1954) method of combining probabilities, the analysis yielded a statistic of 18.2 (8 dr) that is distributed as chi-square with P < 0.025. Thus,we conclude that the overall Host Origin x Test Fruit interaction effect in single host assays is statistically significant. This conclusion is further supported by the results of more cursory tests given in Prokopy et al. (1982a) and Stanek et al. (1987) mentioned in the Introduction.
Because (a) all females assayed here were naive (no prior experience with fruit), (b) evidence indicated absence of any pre-imaginal fruit-exposure effect on pattern of host fruit acceptance (Table 2) , and (c) Amherst hawthorn-origin females were consistently less inclined to accept apples than were Amherst apple-origin females, irrespective of fly age (only the magnitude of difference varied with age (Stanek et al. 1987 )), we conclude that the phenotypic differences in host acceptance pattern between the apple and hawthorn origin flies tested here may have an underlying genetic basis. A firm conclusion, however, awaits quantitative genetic analyses of flies of apple and hawthorn origin, with estimates of heritability of acceptance behavior.
With respect to mating behavior, previous work revealed that at a Wisconsin field study site, R. pomonella initiated mating exclusively on host plants (Prokopy et al. 1971) . Early in the fruiting season, when most R. pomonella females are virgin, sexual encounters have been observed on host plant foliage (Smith and Prokopy 1980) . With the onset of oviposition, however, sexual encounters virtually cease to occur on the foliage and take place almost exclusively on the host fruit, where males force-copulate with unsuspecting females engaged in egglaying behavior (Prokopy et al. 1971; Smith and Prokopy 1980) . Males may spend up to 90% of their time residing on or patrolling fruit. The data presented here (Table 4) on host response (= time of residence on fruit) of Amherst apple and hawthorn males parallel very closely in pattern the data on host acceptance by Amherst females tested under similar single-host conditions in the laboratory. Because all males were assayed when naive (hence ruling out prior experience with fruit as a factor) and because both young and older males responded similarly, we believe that as with the females, the phenotypic difference in host response pattern between Amherst apple and hawthorn origin males likewise may have an underlying genetic basis (we did not, however, test for effects of pre-imaginal fruit exposure on male behavior). We conclude, therefore, that because initiation of mating is confined to host plants and because both males and females appear to exhibit parallel population-origin differences in host plant selection, host-associated positive assortative mating, as argued by Bush and Diehl (1982) , must be considered a potential force in maintaining differences in host preference.
The ability of R. pomonella larvae to survive and grow in host fruit undoubtedly depends on presence of suitable nutrients and on absence of deleterious plant secondary compounds (Pree 1977) . Because apple and hawthorn trees are rosaceous plants, presumably their fruit possess several nutrients and secondary compounds in common, though to our knowledge, no one has yet compared apple and hawthorn fruit in this regard. Our finding that survival of R. pomonella from the egg to the pupal stage was substantially greater in hawthorn than apple fruit suggests important nutritional or secondary-compound differences do, however, exist between fruit of these plant genera. Whatever the nature of these differences, they affected larval progeny of Amherst apple and hawthorn origin flies equally. We found no evidence indicating R. pomonella larvae of Amherst apple origin are more likely to survive in apple fruit than are larvae of Amherst hawthorn origin, nor any evidence indicating larvae of hawthorn origin are more likely to survive in hawthorn fruit than are larvae of apple origin. Hence, our results do not support a hypothesis that larval progeny of Amherst apple and hawthorn populations differ in ability to survive on apple and hawthorn fruit. However, we did find evidence suggesting that variation in survival ability exists within each of these populations. Together, the results of our host response assays of female and male R. pomonella suggest the existence of some degree of restriction in gene flow between a population on apple and a population on hawthorn in Amherst and very likely also between a population on apple and a population on hawthorn in East Lansing. In both locales, the two host-associated populations can be considered sympatric because individuals were probably within cruising range of one-another's host plants. This presumption is based on work by Maxwell and Parsons (1968) , who found some R. pomonella flies capable of moving at least 1.6 km under field conditions.
To address how gene flow between these sympatric populations might be restricted, we must consider not only the traits examined here but also the entire repertoire of fly behavior involved in host selection. This includes host finding as well as host examining and acceptance behavior (Miller and Strickler 1984) . Of particular interest to us is an explanation of how gene flow is restricted in face of the ability of both apple and hawthorn origin flies to accept hawthorn to an equal degree. The existence of populations that have shifted onto a new host but still show preference for the ancestral host is not unique to R. pomonella. It has been observed in several other herbivorous species (eg. Futuyma et al. 1984; Robert 1985) .
In finding potential host fruit for egglaying, R. pomonella females are known to respond to the following stimuli: attractive fruit volatiles (Prokopy et al. 1973 Fein et al. 1982; Carle et al. 1987) ; plant color, form and size (Moericke et al. 1975) ; leaf architecture and/or chemistry, influencing within-plant search effort (Diehl 1984; Diehl et al. 1986 and unpublished data) ; the form, size and color of individual fruit that elicit attraction from close range (Prokopy 1968 (Prokopy , 1977 Owens and Prokopy 1986; Prokopy et al. 1987) ; contact fruit stimuli (shape, size, color, surface structure and chemical factors) that elicit fruit "acceptance" (ovipositor boring attempts) and oviposition (Prokopy 1966; Papaj and Prokopy 1986; Girolami et al. 1986 ); and pheromone deposited on the fruit surface after egglaying that deters repeated oviposition (Prokopy 1981) . Also, prior ovipositional experience can significantly affect the degree to which familiar and novel fruit are accepted or rejected in subsequent fruit visits (Prokopy et al. 1982b Papaj and Prokopy 1986) . The combined evidence from these studies suggests that in addition to differences shown here in post-alighting response of different populations of R. pomonella to fruit chemical or physical stimuli that elicit fruit boring attempts (for females) or fruit residence (for males), differences leading to restriction in gene flow between apple and hawthorn origin flies could conceivably exist in three other behavioral traits during the host selection process: response to host fruit odor cues in finding fruit-bearing trees; response to tree geometry or foliar chemistry or morphology during withintree examination; and response to fruit flesh properties following insertion of the ovipositor.
Given the evidence presented here suggesting R. pomonella may have formed host races on apple and hawthorn trees in Amherst and East Lansing, we can now speculate on factors that could have given rise to the acquisition of apple as a new host. At least three factors, apart from periodic failure of hawthorn trees to fruit, might have been involved. First, existing fruit on hawthorn trees may have been infested to such an extent, and received such an amount of fly marking pheromone deposited after egglaying, that females were stimulated to emigrate and fly considerable distances in search of unoccupied oviposition sites. Evidence suggests rapid fly emigration is a likely outcome in situations where most fruit are infested (Roitberg et al. 1982; Roitberg et al. 1985) . Second, some of the females stimulated to emigrate may have been ones which, either because of genetic endowment or physiological state, had such a high egg load that oviposition was initiated in apple fruit. That physiological state can affect fly propensity to accept novel fruit has been demonstrated by Fitt (1986a) , who showed that females of the Queensland fruit fly, Dacus tryoni Froggatt, oviposited readily into previously unacceptable fruit after several days without access to hosts. Third, the relative ability of an individual apple fruit to support many more larvae to maturity than an individual hawthorn fruit (Averill and Prokopy 1987) and the relatively much greater freedom of apple than hawthorn fruit from parasites of larvae (Diehl 1984; AliNiazee 1985) may have constituted a selective advantage to flies that oviposited in apple, despite the lesser ability of larval progeny to survive and grow in apple. In this regard, utilization of enemy free space has been proposed as an important factor leading to niche expansion in the evolution of many arthropods (Zw61fer 1975; Jeffries and Lawton 1984; Jaenike 1985a) .
A rapidly growing body of literature demonstrates the existence of intraspecific phenotypic variation in host preference in herbivorous, parasitic, and saprophagous insects (reviewed by Fox and Morrow 1981; Papaj and Rausher 1983; Diehl and Bush 1984; Futuyma and Peterson 1985) . Attempts to partition such variation into genetic and environmental (nonheritable) components have revealed several cases, in addition to the present example of R. pomonella, in which intraspecific variation in some facet of oviposition site selection has an apparent genetic basis (eg. Tabashnik et al. 1981; Wasserman and Futuyma 1981; Jaenike and Grimaldi 1983; Futuyma etal. 1984; Wasserman 1986; Jaenike 1986a ) and several cases in which oviposition site selection is modified through prior egglaying experience (eg. Rausher 1978; Jaenike 1982 Jaenike , 1986b Stanton 1984; Vet and van Opzeeland 1984; Hoffmann 1985; Traynier 1986; Papaj 1986) . As with R. pomonella, evidence is lacking that larval environment has a measurable effect on the oviposition behavior of any herbivorous or saprophagous insect (eg. Tabashnik et al. 1981; Jaenike 1982; Papaj and Rausher 1983; Futuyma and Peterson 1985) . It would seem that gathering empirical evidence on genetic and environmental components of host-associated mating site selection by males in conjunction with host-associated oviposition site selection by females would be an especially rewarding endeavor toward understanding processes leading to restriction in gene flow between conspecific populations. However, apart from the present study, this has been done only in rare instances (eg. Wood and Guttman 1982; Jaenike 1985b ).
Numerous models have been proposed to explain host shifts in insects (eg. Bush 1975b; Felsenstein 1981; Bush and Diehl 1982; Rice 1984; Zw61fer and Bush 1984; Kondraskov and Mina 1986) . Most models have focused on tight linkage relationships between genes involved in host selection by one or both sexes and genes involved in survival. However, as found here and as is the case in several other insects (eg. Wasserman and Futuyma 1981 ; Futuyma et al. 1984; Fitt 1986b; Hare and Kennedy 1986; Futuyma and Philippi 1987; but see van den Water 1983; Via 1986 ), a population or species may shift its host preference without any corresponding shift in physiological adaptation for survival on its new host. This type of pattern, apparently more common than previously thought, has led Futuyma (1983) to postulate that expansion of a population or species onto a new host may first involve genetic changes in behavioral aspects of host finding or acceptance and only subsequently involve selection favoring genes affecting survival and growth. Rausher (1984) has since developed a model that allows, under some circumstances, genetic-based variation in host preference within a population to be preserved indefinitely and therefore be present when genetic-based variation arises that promotes increased viability on the newly acquired host. Once both types of variation co-exist, preference and viability may evolve together to yield differentially adapted host races. To what extent the scenarios of Futuyma (1983) and Rausher (1984) might apply to the development of host races in R. pomonella remains to be determined.
Recently, S.H. Berlocher, G.L. Bush, J. Feder, and B.A. McPheron (unpub. data) have demonstrated significant electrophoretic differences between apple and hawthorn origin R. pomonella from sympatric populations at five sites in Illinois, two sites each in Wisconsin and Michigan, and one site in Washington, as well as between the Amherst apple and hawthorn populations studied here. This suggests at least some degree of restriction in gene flow between sympatric host-associated populations in other locales. Moreover, the data from Washington illustrate the rapidity with which differentiation between sympatric populations can occur, in that R. pomonella is estimated to have been present in Washington for less than 50 years (G.L. Bush, pers. communic.) .
In the absence of more complete information, we hypothesize that the degree of differentiation between sympattic host-associated populations of R. pomonella may flow and ebb according to the structure of available high-quality host fruit resources over time and space within the local habitat. The findings in our study of Amherst and East Lansing populations may or may not be typical of populations elsewhere.
